Aims. We sought to identify biochemical predictors that indicate susceptibility to in-stent restenosis (ISR) after coronary artery bare-metal stenting. Methods. A total of 111 consecutive patients with post-percutaneous coronary intervention (PCI) in-stent restenosis of a target lesion within 12 months were matched for age, sex, vessel diameter, and diabetes with 111 controls without post-PCI ISR. Plasma or serum levels of biochemical markers were measured: matrix metalloproteinases (MMP) 2, 3, 9; myeloperoxidase (MPO); asymmetric dimethylarginine (ADMA); lipoprotein (a) (Lp[a]); apolipoproteins E and D (ApoE and D); and lecitin-cholesterol acyltransferase (LCAT). Multivariable logistic regression association tests were performed. Results. Increased plasma MMP-3 (OR: 1.013; 95% CI: 1.004-1.023; P = 0.005), MMP-9 (OR: 1.014; 95% CI: 1.008-1.020; P < 0.0001) or MPO (OR: 1,003; 95% CI: 1.001-1.005; P = 0.002) was significantly associated with increased risk of ISR. Increased levels of ADMA (OR: 0.212; 95% CI: 0.054-0.827; P = 0.026), ApoE (OR: 0.924; 95% CI: 0.899-0.951; P < 0.0001), ApoD (OR: 0.919; 95% CI: 0.880-0.959; P = 0.0001), or LCAT (OR: 0.927; 95% CI: 0.902-0.952; P < 0.0001) was associated with risk reduction. No correlation was found between plasma MMP-2 or Lp (a) and ISR risk. Conclusions. Increased levels of MMP-3, MMP-9, and MPO represent predictors of ISR after bare-metal stent implantation. In contrast, increased ADMA, LCAT, and Apo E and D indicate a decreased in-stent restenosis occurrence.
INTRODUCTION
Coronary stent implantation has significantly improved percutaneous coronary intervention (PCI). It has enabled management of early complications of plane balloon angioplasty and by prevention of elastic recoil and constrictive remodeling, it decreases the frequency of restenosis after PCI. However, with these improvements has come a new complication: in-stent restenosis (ISR) arising from neointimal hyperplasia. The clinical incidence of ISR after bare-metal stent implantation is about 20-35% (ref. 1, 2 ). The use of drug-eluting stents has led to a further decrease of ISR occurrence to 5-10% (ref. 1, 2 ). However, this treatment requires long-term dual antiplatelet therapy, and is associated with the risk of late and very late stent thrombosis. The known predictors of ISR include patient-, vessel-and procedure-releated factors 1, 2 . The increasing number of patients undergoing PCI has led to attempts to find further risk factors that would enable more targeted treatment.
We focused on possible additional biochemical predictors of ISR. Matrix metalloproteinases (MMPs) are proteolytic enzymes that degrade the extracellular matrix (ECM) and facilitate the proliferation and migration of endothelial and vascular smooth muscle cells (VSMC). We also considered plasma or serum levels of leucocyte myeloperoxidase (MPO), asymmetric dimethylarginine (ADMA), lipoprotein (a) (Lp[a]), apolipoproteins E and D (ApoE and D), and lecitin-cholesterol acyltransferase (LCAT), which may be involved not only in atherosclerosis but also in inflammation, possibly influencing proliferation and migration of smooth muscle cells (SMCs), which are key players in the development of ISR.
PATIENTS AND METHODS
We included 111 consecutive patients treated at the cathlab of the University Hospital Ostrava, Czech Republic, between the years 2010 and 2013, with ISR within 12 month after implantation of a bare-metal stent.
The control group consisted of 111 matched patients treated at our cathlab with identical main demographic and clinical risk factors (sex, age, diabetes mellitus, implanted stent diameter ±0.5 mm) in whom ISR was excluded using multi-slice (MS-CT) coronarography 12 months after a bare-metal stent implantation.
Selective coronarography
Selective coronarography was performed in a Siemens Axiom device (Forchheim, Germany) using the standard method from the radial approach with 5F diagnostic catheters and the contrast medium Iomeron 400. Quantitative coronary angiography was performed, and percent diameter stenosis (%DS) was calculated. ISR was defined as a diameter stenosis ≥50% in the stented segment.
Multi-slice CT coronarography
The patients were examined in the Siemens Somatom Definition AS+ device (Forchheim, Germany), a singlesource CT scanner in a 128-slice configuration. The maximum intensity projection (MIP) reconstructions and automatic software Vessel analysis were used for evaluation of the lumen. Homogeneous enhancement (visually similar to the CT attenuation in the reference vessels) inside the stent lumen was considered to be normal or unrelated to ISR (ref.
3 ).
Blood samples and biochemical analysis
Blood samles were collected 12 month after coronary intervention (rePCI for ISR or index PCI at controll group). Plasma samples from each patient were used for analysis of MMP-2, MMP-3, MMP-9, MPO, ApoE, ApoD and LCAT and serum samples for analysis of ADMA. Samples were centrifuged at 2500g for 6 min at 4 °C, aliquoted into 2 vials of 2 mL, and stored at -80 °C for 2-3 months.
Plasma MMP-2, MMP-3, MMP-9, ApoE, ApoD and LCAT and serum ADMA concentrations were determined by ELISA (enzyme-linked immunosorbent assay; Biovendor-Laboratorni Medicina, Brno, Czech Republic). The MMP-2, MMP-3, MMP-9, ApoE, ApoD and LCAT detection kits were labeled for research use, and used assays based on sandwich ELISA technology. The kit for ADMA detection was designed for in vitro use only, and was based on competitive ELISA technology.
The study protocol complied with the Declaration of Helsinki and was approved by the Ethics Committee of the University Hospital Ostrava, Czech Republic. Written informed consent was obtained from each participant.
Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics version 22 (SPSS Inc., Chicago, IL, USA). Measured biochemical parameters were categorized according to reference values.
Continuous variables with non-normal distribution are presented as the median and range (minimum-maximum) and were compared using the non-parametric Mann- Multiple logistic regression was used to evaluate possible effects of other variables on the association observed between the levels of individual markers and ISR. A forward stepwise method was applied to identify the most significant predictive factors for ISR, with adjustment for diabetes mellitus and other possible confounding factors.
Receiver operating characteristic (ROC) analysis was used to determine the optimal cut-off values of biochemical parameters to predict in-stent restenosis. Normality of data was checked by Shapiro-Wilk test.
Odds ratios are expressed with 95% CIs. A P value of less than 0.05 was considered statistically significant.
RESULTS
Clinical, biochemical and demographic characteristics of the study cohort are listed in Table 1 . The patients with ISR and the control group did not show any significant differences with respect to the main demographic parameters (age, gender, body mass index) or clinical risk factors (diabetes mellitus). The groups exhibited similar extents of coronary disease (multi vessel disease, acute coronary syndromes) and similar lesion characteristics (complex lesion B2/C, and length and diameter [±0.5 mm] of implanted stents). Furthermore, both groups exhibited mostly similar biochemical parameters (creatinine, glucose, triglycerides, HDL cholesterol, hsCRP). However, the ISR group exhibited significantly lower total cholesterol and LDL cholesterol, and significantly higher NT-pro-BNP, then the control group. Plasma levels of the individual biochemical parametrs measured in both groups are listed in Table 2 .
Logistic regression analysis, conducted with adjustment for the prevalence of diabetes mellitus, revealed that an increase in MMP-3 (OR: 1.013; 95% CI: 1.004-1.023; P = 0.005), MMP-9 (OR: 1.014; 95% CI: 1.008-1.020; P < 0.0001), or MPO (OR: 1.003; 95% CI: 1.001-1.005; P = 0.002) is significantly associated with increased occurrence of ISR and that an increase in ADMA (OR: 0.212; 95% CI: 0.054-0.827; P = 0.026), LCAT (OR: 0.927; 95% CI: 0.902-0.952; P < 0.0001), ApoD (OR: 0.919; 95% CI: 0.880-0.959; P = 0.0001), or ApoE (OR: 0.924; 95% CI: 0.899-0.951; P < 0.0001) is significantly associated with decreased occurrence of ISR (Table 3) .
Multivariate logistic regression analysis using a stepwise method to identify the most significant parameters for ISR prediction with adjustment for DM and individual parameters (hsCRP, Lpa, MMP-2, -3, -9, ADMA, LCAT, MPO, ApoD, ApoE) found that the most signifi- Comparison with reference values for biochemical markers in the healthy population Furthermore, we compared the levels of plasma of biochemical markers in ISR patients with the normal reference measurements of MMP-2, 3, 9 and ADMA in the healthy population (Appendix 1, 2) (ref. 4 ). Logistic regression analysis was performed separately for each categorized parameter with adjustment for DM. A decrease in MMP-9 abundance below the lower limit of the reference range is associated with a significant reduction in the occurrence of ISR (OR: 0.265; 95% CI: 0.121-0.582; P = 0.001). Conversely, an increase in MMP-9 above the upper limit of the reference range is associated with an increase in the occurrence of ISR (OR: 2.685; 95% CI: 1.344-5.366; P = 0.005). Increased MMP-3 above the upper limit of the reference range is associated with increased ISR occurrence (OR: 2.502; 95% CI: 1.441-4.344; P = 0.001). Decreased ADMA below the lower limit of the reference range is also associated with ISR occurrence increase (OR: 2.115; 95% CI: 1.105-4.050; P = 0.024).
We also performed multivariate logistic regression analysis using a stepwise method to choose the most significant categorized parameters predictive of ISR, with adjustment for DM and individual categorized parameters. The analysis indicated that most significant parameters with respect to prediction of ISR are MMP-9 (OR: 0.322; 95% CI: 0.122-0.854; P = 0.023), LCAT (OR: 0.927; 95% CI: 0.892-0.964; P < 0.0001), and ApoE (OR: 0.967; 95% CI: 0.935-0.999; P = 0.048). A decrease in MMP-9 below the lower limit of the reference range is associated with a reduction in the occurrence of ISR. An increase in LCAT or ApoE is also associated with a reduction in the occurrence of ISR.
Determination of appropriate cut-off values for ISR prediction
Based on receiver operating characteristic (ROC) analysis, the plasma abundance of MMP-9, LCAT, and ApoE may be considered the most suitable parameters for use in ISR risk prediction (Appendix 3). The following cut-off values for prediction of ISR were determined: MMP-9 ≥64.8 ng/mL; LCAT ≤42.39 ug/mL and ApoE ≤21.2 ug/mL; with sensitivity and specificity of 65.8% and 65.8%; 69.4% and 72.0%; 67.70% and 69.20%, respectively (Table 4A ). Statistical analysis of parameter combinations of LCAT+ApoE and ApoE+ApoD indexes increased the sensitivity and specificity of ISR prediction to 75.5 -77.0% and 70.2 -75.5%, respectively. (Table 4B ).
DISCUSSION
Vascular injury sustained during PCI and stent implantation results in a complex inflammatory and reparative process. The acute vascular reaction is characterized by early deposition of platelets and fibrin. Activated platelets attach to circulating leukocytes (neutrophils and monocytes) at the injured surface. Over weeks, acute inflammatory cells are replaced by chronic inflammatory cells (macrophages and giant cells). In addition to this inflammatory response, platelet-and leukocyte-related growth factors drive further VSMC proliferation and migration from the media to the nascent neointima and subsequent extracellular matrix formation. Two weeks following stent implantation, a complete neointimal layer, composed of VSMCs and a proteoglycan-rich extracellular matrix, can be observed above stent struts 1, 2 . Excessive VSMC proliferation and extracellular matrix formation lead to neointimal hyperplasia, which represents the major pathophysiologic mechanism of ISR. Peak restenosis is observed at 3-6 months and remains relatively stable beyond 1 year 1, 2 . We have used the MS-CT coronarography in order to exclude ISR in the control group especially due to its noninvasivness. 64-and more -slice MS-CT have been shown to permit the detection of coronary artery stenoses in the native coronary arteries with sensitivities and specificities up to 99%. Owing to artefacts caused by metal, the visualization of the lumen within coronary artery stents by MS-CT is more challenging than the assessment of the native coronary arteries 5 . Sun Z. and Kumbahani DJ. evaluated the benefit of MS-CT in the detection of the coronary in-stent restenoses in their metaanalyses (nearly 1400 and 1500 evaluated stents). In these metaanalyses the sensitivity and specificity of MS-CT in detection of ISR achieved 90% and 91%, with positive and negative predictive value of 68% and 98%, respectively 6, 7 .
Matrix metalloproteinases (MMPs) comprise a family of zinc-dependent proteolytic enzymes that degrade extracellular matrix (ECM) components and which facilitate the proliferation and migration of endothelial and vascular smooth muscle cells (VSMC).
MMPs are produced by various cell types, including endothelial and smooth muscle cells, and MMP activity is regulated by the naturally occurring molecules termed "tissue inhibitors of matrix metalloproteinases" (TIMPs).
MMP activity plays a role in the progression of atherosclerotic lesions, arterial remodeling, and myocardial repair following infarction 8 . A mechanical injury induces expression of matrix metalloproteinases (MMP), and there is some evidence that they may play a role in the pathogenesis of ISR (ref. [9] [10] [11] [12] ). We found that increased levels of MMP-3 and 9 were associated with a significant increase in ISR risk. The MMP-9 cut-off value for ISR risk prediction was determined to be ≥64.8 ng/mL. In contrast, we did not find any correlation between MMP-2 and ISR incidence.
Leucocyte myeloperoxidase (MPO) is a member of the family of heme peroxidase enzymes. MPO is expressed in neutrophils and monocytes during inflammation, and it generates reactive oxygen species that can oxidatively modify lipids and proteins 13 . MPO has been found to be a component of human atherosclerotic lesions. MPO oxidizes low-density lipoprotein (LDL) into an atherogenic form (ox-LDL) and can contribute to endothelial dysfunction by decreasing nitric oxide (NO) bioavailability. Furthermore, MPO-generated hypochlorous acid can lead to matrix metalloproteinase (MMP) activation in the artery wall 14 . MPO levels were found to be significantly elevated in coronary artery disease (CAD) patients 15 , and it were associated with the progression from stable CAD to acute coronary syndromes (ACS) (ref. 16 ). In our cohort, we found that increased plasma MPO was significantly associated with increased risk of ISR.
Nitric oxide (NO) plays a key role in vascular homeostasis. It is produced from L-arginine by nitric oxide synthase (NOS) and released from intact endothelium 17 . NO provides basal tonus by relaxing the vascular smooth muscle, and it inhibits the adhesion of leukocytes as well as the adhesion, activation, and aggregation of thrombocytes. Additionally, NO inhibits the migration and proliferation of smooth muscle cells, thereby it also inhibits intimal hyperplasia after vascular injury 18, 19 .
Asymmetric dimethylarginine (ADMA) is an endogenous competitive inhibitor of endothelial nitric oxide synthase (eNOS). ADMA can lead to increased vascular tone and can accelerate the progression of atherosclerosis. Furthermore, by increasing VSMC proliferation and extracellular matrix formation, it may also influence the process of ISR (ref. 20, 21 ). Previous reports showed an association between ISR and vasodilator dysfunction in forearm resistance vessels 18, 21, 22 , and several small studies have reported an association between ISR and increased plasma ADMA levels 17, 18, 20 . In contrast to the previous studies, we did not find a link between increased ADMA and the risk of ISR. Conversely, we observed that increased levels of ADMA were associated with a significant reduction of the ISR risk.
Apolipoprotein E (ApoE) is a small apolipoprotein which serves as a ligand to the low-density lipoprotein (LDL) receptor (LDLR) and the LDL receptor-related protein-1 (LRP1), and plays an essential role in metabolism by promoting cellular uptake of lipoproteins 23 . ApoE also inhibits platelet derivated growth factor (PDGF)-induced SMC migration and proliferation and limits neointimal hyperplasia after arterial injury 24 . ApoE deficiency has been associated with increased neointima formation after vessel wall injury 25 . In an ApoE-knockout mouse model, the in-stent neointimal area or the intimato-media (I/M) ratio was greater compared with wild-type mice 25 . This effect of ApoE is independent from its lipidlowering effect 23 . Although ApoE could play a protective role against injury-induced restenosis in animal models, the relationship between ApoE and ISR has not previously been studied in the general human population. We found that increased levels of ApoE were associated with a significant reduction in the risk of ISR and, moreover, that ApoE abundance represents one of the most important predictive factors associated with ISR protection.The ApoE cut-off value for ISR risk prediction was determined to be ≤21.2 ug/mL.
Apolipoprotein D (ApoD)
is an atypical apolipoprotein. In contrast to other apolipoproteins, ApoD is structurally similar to the lipocalins, which comprise a diverse class of lipid-binding proteins.ApoD has been shown to be a multi-ligand binding protein that is capable of transporting small hydrophobic molecules such as arachidonic acid, steroid hormones, and cholesterol. Circulating ApoD is predominantly found in HDL; however, ApoD is expressed widely in mammalian tissues. Human ApoD deposition is also detectable in atherosclerotic lesions 26 . Several animal model studies suggest that intracellular accumulation of ApoD is able to selectively inhibit PDGF-induced VSMC proliferation and migration. This function of ApoD might thereby modulate the pathophysiology of vascular disease 27 . In our cohort, increased ApoD abundance was associated with a significant reduction in the risk of ISR. Lp[a] ) is a large low-density lipoprotein (LDL)-like particle with the molecular structure of Lp(a) similar to that of plasminogen, and it may therefore have potential to reduce fibrinolysis by inhibiting the production of plasmin. After stent implantation, Lp(a) accumulates in the vessel walls at the sites of injury, where it also reduces activation of transforming growth factor-beta (TGF-beta), which is an inhibitor of SMC proliferation and migration 28, 29 .
Lipoprotein (a) (
There is controversy regarding the relationship between baseline plasma Lp(a) levels and restenosis after coronary artery stenting 29 . A meta-analysis of 9 cohort studies found a significant association between baseline plasma Lp(a) levels and the risk of ISR, particularly in studies employing drug-eluting stent (DES) and in Asian populations but no statistical association was detected in studies with bare metal stents (BMS) or in Caucasian populations 29 . We also did not find any significant correlation between plasma levels of Lp (a) and ISR risk the Central European population.
High density lipoprotein (HDL)
is a lipoprotein complex of heterogeneous size and density, with several different subpopulations. HDL also serves as a carrier for a number of enzymes that contribute to the remodeling of plasma lipoproteins. Many of these enzymes, such as lecithin-cholesterol acyl transferase (LCAT), affect the composition of circulating HDLor specific biologic activities associated with HDL (ref. 30, 31 ). The antiatherosclerotic effect of HDL comes from its contribution to reverse cholesterol transport (RCT). HDL has multiple additional biological functions, and it plays a complex role in the regulation of vascular activity. It may modulate endothelial function, platelet activation and thrombosis, inflammatory cytokine secretion, formation of foam cells, and SMC proliferation in the intima, resulting in the inhibition of neointimal hyperplasia 31 . HDL may also stimulate the differentiation of endothelial progenitor cells (EPCs) or the migration of endothelial cells from the adjacent healthy endothelium, and could thereby enhance endothelium repair after vascular injury, including stent re-endothelialization. It can also restore the activity of impaired endothelial nitric oxide synthase (eNOS). HDL may inhibit adhesion and activation of platelets and infiltration of inflammatory cells after vascular injury, which leads to decreasing of SMCs proliferation 30 .
Several studies have investigated possible relationships between HDL and ISR, with conflicting results, but in the meta-analysis by Heu no significant association was found overall between baseline HDL cholesterol (HDL-C) levels and ISR risk 32 .
Lecitin-cholesterol acyltransferase (LCAT) is a key enzyme acting in HDL metabolism. It mediates the esterification of free cholesterol that is then taken up from cells in peripheral tissue by the HDL particles. LCAT also plays an important role in the maturation of HDL, the esterification of cholesterol transforms the discoidal nascent HDL into spherical mature HDL particles 33, 34 . Therefore, LCAT potentially influences not only RCT but also the other biological functions of HDL. Thus, LCAT is expected to contribute to the antioxidant and anti-inflammatory properties of HDL. Many studies have investigated the role of LCAT in atherosclerosis in animal models and humans; however, with conflicting results 34, 35 . In our study, increased LCAT was associated with a significant reduction in the risk of ISR; it represents one of the most important protective factors observed. The LCAT cut-off value for ISR risk prediction was determined to be ≤42.9 ug/mL. Given that there was no significant difference observed in the level of HDL cholesterol in plasma in the ISR group and the control group, this relationship may be explained by the effect of LCAT on maturation of HDL particles, which may be related to their different biological functions. Further research in this area will be necessary to elucidate the mechanisms responsible.
We suppose that screening of these biochemical parameters might be helpful in patients with an increased risk of ISR in whom routine implantation of drug eluting stents with long term dual antiaggregation therapy should be avoided, e.g. the patients with an increased bleeding risk or a need for urgent non-cardiac surgery.
Limitations
Several limitations of our study need to be mentioned. This study could be limited by its observational nature and a relatively small sample size. Nevertheless, we believe that selection bias did not play a major role, because both patient´s cohorts did not differ with respect to main baseline parameters. As non-invasive MS-CT coronarography was used in control group to confirm the stents patency, it is not possible to avoid completely potential false negatives findings. However, in previous studies, MS-CT coronarography revealed sufficient accuracy for ISR detection 6, 7 .
CONCLUSIONS
Our study indicates that an increase in MMP-3, MMP-9, or MPO in plasma is associated with a significant increase in the risk of ISR after bare metal stent implantation. On the other hand, an increase in plasma ApoE, ApoD, or LCAT in plasma is associated with a significant reduction in the risk of ISR. In contrast to the results of other studies, increased ADMA in serum was also associated with a reduced risk of ISR. The most predictive parameters with respect to ISR were ApoE and LCAT abundance. No correlation was found between the abundance of MMP-2 and Lp (a) in plasma and the occurrence of ISR. 
